Keywords: computational protein design; directed evolution; enzymatic catalysis Although de novo computational enzyme design has been shown to be feasible, the field is still in its infancy: the kinetic parameters of designed enzymes are still orders of magnitude lower than those of naturally occurring ones. Nonetheless, designed enzymes can be improved by directed evolution, as recently exemplified for the designed Kemp eliminase KE07. Random mutagenesis and screening resulted in variants with N 200-fold higher catalytic efficiency and provided insights about features missing in the designed enzyme. Here we describe the optimization of KE70, another designed Kemp eliminase. Amino acid substitutions predicted to improve catalysis in design calculations involving extensive backbone sampling were individually tested. Those proven beneficial were combinatorially incorporated into the originally designed KE70 along with random mutations, and the resulting libraries were screened for improved eliminase activity. Nine rounds of mutation and selection resulted in N 400-fold improvement in the catalytic efficiency of the original KE70 design, reflected in both higher k cat values and lower K m values, with the best variants exhibiting k cat /K m values of N 5 × 10 4 s − 1 M − 1 . The optimized KE70 variants were characterized structurally and biochemically, providing insights into the origins of the improvements in catalysis. Three primary contributions were identified: first, the reshaping of the active-site cavity to achieve tighter substrate binding; second, the fine-tuning of electrostatics around the catalytic His-Asp dyad; and, third, the stabilization of the active-site dyad in a conformation optimal for catalysis.
Introduction
The advent of computational methods for predicting structure from sequence with atomic accuracy provides a new and powerful way of designing tailor-made active sites. [1] [2] [3] [4] The computational design of enzymes depends on two factors: (i) the ability to design an active-site configuration that confers efficient catalysis, and (ii) the ability to compute a sequence that confers the desired configuration. Both steps are currently performed with considerable success, but are far from optimal. 5 Directed evolution, which requires no prior knowledge of structure-function, can be applied to improve computationally designed enzymes and can therefore complement our limited design skills. However, the bottleneck of directed evolution is the very limited sequence space that can be covered by library screening.
We have recently described a series of computationally designed enzymes that catalyze an unnatural reaction dubbed as Kemp elimination. 6 Kemp elimination is a model reaction for proton transfera critical step in numerous enzymatic reactions. In this activated model system (in particular in the case of the 5-nitrobenzisoxazole substrate used here), a base-catalyzed proton transfer from carbon, concerted with the cleavage of a nitrogen-oxygen bond, leads to the cyanophenol product (Scheme 1). The mechanism of the Kemp elimination has been extensively studied, and this reaction has been used as a probe for studying medium effects on catalysis. [7] [8] [9] Several enzyme-like systems that catalyze this reaction, including catalytic antibodies, 10, 11 synthetic polymers, 12 and promiscuous catalysis by nonenzymatic proteins, 13, 14 have been explored. In all these protein catalysts, the reaction is catalyzed by a side chain acting as a base within a hydrophobic active site. The alignment of the catalytic base relative to the substrate, medium effects that lead to the activation of base catalysts, and charge-dispersing interactions that stabilize the negatively charged transition state (TS) have all been shown to play a role. 9, 15 The computationally designed Kemp eliminases were accordingly designed to have a base for proton abstraction aligned with the substrate C-H bond in an otherwise apolar active site. Two catalytic bases were explored-a carboxylic acid side chain (Glu as, for example, in the KE07 design, 6 or Asp) or a histidine polarized and positioned by an adjacent aspartic or glutamic acid (His-Glu/Asp dyad), as in the KE70 design described here. The locations of these catalytic residues relative to the TS were optimized by quantum mechanical calculations.
Other residues-such as a hydrogen-bond donor for the stabilization of the negative charge that develops in phenolic oxygen and an aromatic residue(s) for substrate binding and delocalization of the TS's negative charge-were included for maximal TS stabilization. The RosettaMatch algorithm was used to search for constellations of protein backbones that are capable of localizing these catalytic residues based on a large set of natural proteins with known structures. The Kemp eliminase active-site residues were then installed within these natural scaffolds by replacing 12-20 residues of the natural protein. 6 Our previous report described the characterization and directed evolution of KE07, one of the early designs. 16 The structural and mechanistic data shed light on the properties of KE07 and the routes that led to its optimization. Critical contributions from the refinement of electrostatics in the vicinity of the catalytic base, and of the active-site pocket in general, were identified. The mutations that accumulated in the directed evolution of KE07 led to a 200-fold increase in k cat /K m and could be classified into the following groups: (a) mutations that improve the binding of the substrate and/or TS; (b) mutations that optimize the electrostatic environment and thus increase the pK a of the catalytic base and its catalytic efficiency; and (c) surface mutations that most probably increase protein solubility and stability.
This work describes the optimization of the KE70 design, which is one of the more advanced Kemp eliminase designs. KE70 is based on the TIM-barrel scaffold of the deoxyribose phosphate aldolase of Escherichia coli [Protein Data Bank (PDB) accession code 1JCL; Fig. 1a ]. Unlike the glutamate side chain that acts as a base in the KE07 design, the catalytic base in KE70 is a His17-Asp45 dyad located at the bottom of the active site. Other key residues include Tyr48 (for π-stacking of the substrate and the TS) and Ser138 (designed to serve as a hydrogen-bond donor in the stabilization of the phenolic oxygen) (Fig. 1b) . In addition, a number of hydrophobic residues (Ala19, Trp72, Ala103, Ile140, Val168, and Ile202) were introduced to create a tight hydrophobic pocket for substrate binding.
The catalytic proficiency of the KE70 design was nearly 10-fold higher than that of the KE07 design (k cat /K m : ∼ 80 s − 1 M − 1 versus ∼ 10 s − 1 M − 1 ), and the rate acceleration is relatively high for a designed enzyme or an enzyme mimic (k cat /k uncat ∼ 10 5 ). However, the catalytic efficiency of KE70 is still far 17 We therefore opted for the optimization of KE70, with the ultimate goal of obtaining an enzyme with catalytic parameters comparable to the ones observed in natural enzymes. Whereas we used traditional random-mutation-based directed evolution to optimize KE07, for KE70, we included computationally guided optimization using several approaches that have not been applied in the original design. For example, to go beyond the fixed backbone approximation used in the original design calculations, 6 we incorporated backbone flexibility into the computational optimization to search for mutations that mediate new backbone conformations conferring improved TS binding. However, rather than remaking new designs and testing them (a process that is costly and laborious), we individually tested the sequence changes suggested by the computational optimization. Those that improved activity were introduced into the evolving KE70 variants in a combinatorial manner to identify the most successful combinations of mutations. Overall, N400-fold improvement of KE70's catalytic efficiency was obtained via extensive changes in the designed active site, complemented by random mutations enriched throughout the directed evolution process.
Results

Computational optimization of the KE70 design
In the original Kemp eliminase design calculations, the backbone was kept fixed for higher computational efficiency. 6 However, small backbone movements can considerably increase the range of possible side-chain conformations. With the goal of achieving tighter TS binding, we explored several approaches to incorporating backbone flexibility into the design calculations. We also explored alternative active-site arrangements and loop geometries, and varied the electrostatic environment of the catalytic dyad residues. As the active site of KE70 resides within the β-barrel of the protein, drastic reshaping of the backbone was not allowed, as it would disrupt the hydrogen-bond pattern between β-strands, which is critical for maintaining the TIM-barrel fold. The specific strategies that we explored are described in the text below.
Design category 1: Ensemble generation using backrub calculations (a) A straightforward way to go beyond the fixed backbone approximation is to generate an ensemble Fig. 1. (a) The KE70 design. The natural scaffold on which the design was based (PDB accession code 1JCL; gray), the modeled 5-nitrobenzisoxazole substrate (red), and the side chains of 16 residues replaced to form the designed Kemp eliminase active site (green) are shown. (b) The key features of KE70's active site. The 5-nitrobenzisoxazole substrate, the His17-Asp45 dyad, the H-bond donor (Ser138), and the stacking Tyr48 are shown. (Due to insertion of Ala after the initial Met to accommodate a restriction site for cloning the KE70 libraries, the numbering of the residues in this article is n + 1 relative to the numbering in the publication describing the original KE70 design. 6 ) of slightly perturbed conformations within the neighborhood of a starting backbone structure. "Backrub" moves, 18 in which the coordinates of a residue pivot around an axis defined by adjacent residues, provide an effective means to densely sample local conformational space. 19 The advantage of backrub moves is that the perturbations are purely local. Since the C α -C β vector is perturbed, side chains emanate from the perturbed backbones in a range of orientations, so the variation in the positions of the terminal atoms can be greater than 1 Å. Indeed, backrub ensembles were found to allow improved recapitulation of protein side-chain conformations following mutations. 19 We therefore subjected the original KE70 design model to Monte-Carlo-based backrub sampling, focusing on moves in the vicinity of the active site and thus generating a large ensemble of models with slightly perturbed active-site backbone geometries ( Supplementary Fig. 1 ). For each of these, design calculations were carried out to identify amino acid sequences with particularly favorable TS binding energies. These calculations identified a number of mutations and combinations of mutations that have been predicted to improve TS stabilization: Ala19Thr/Ser, Tyr48Trp_Ser74Ala_Ser138Ala, Trp72Cys_Gly101Ala, Ser138Ala_His166Tyr, Arg70Ser, Tyr48Ala_Ser74Phe_Ala103Val, and Ser138Trp_His166Gly_Val168Ser. Since it is not certain that the backbone variation underlying each design could be realized by the predicted sequence changes, each mutant combination was tested before combining it with other sequence changes elsewhere in the protein. Experimental testing of the mutations indicated that the activities of the double mutants Trp72Cys_Gly101Ala and Ser138Ala_His166Tyr were 2.6-fold and 1.9-fold higher than that of the KE70 design, respectively. The Trp72Cys mutation is particularly interesting because it changes the packing environment of the catalytic His17 and may lead to a better positioning for proton abstraction of the substrate. Mutations of Trp72, Gly101, Ser138, and His166 were therefore introduced into the KE70 library in Round 3 of directed evolution (Table 1, Library 1).
(b) To search more broadly for active-site configurations that are related to, but differ from, the original KE70 design, we repeated the active-site search on the same scaffold (PDB accession code 1JCL) using RosettaMatch. 21 In a subset of these calculations, we relaxed the requirement for a hydrogen-bonding group in the negatively charged phenolic oxygen in the TS, which resulted in a larger set of possible active-site designs than in the earlier calculations. This followed the observation that both in KE07 and in the initial KE70 design, this hydrogen-bond interaction did not promote higher rate accelerations. The catalytic geometry of each of the identified matches was optimized by gradientbased minimization, and the remaining side chains of the active site were redesigned to maximize favorable interactions with the TS. To further sample in the vicinity of the best solutions obtained at this stage, we subjected the lowest-energy design variants to backrub Monte Carlo simulations and we redesigned the side chains at the active site in each of the resulting backbone conformations. Despite the additional sampling, the designs with the best catalytic dyad geometry and the most favorable TS binding geometry all retained the same catalytic dyad as KE70 (His17-Asp45), which appears to be the best solution in terms of the catalytic geometry and the TS binding energy for this scaffold. Eight of these optimized variants were selected for construction and expression ( Supplementary Tables 1 and 2 ). Perhaps because the structural variation introduced by the backrub sampling was actually not realized in most cases, only the KE113 design was as active as the original KE70 design. Mutations of KE113 relative to KE70, and certain variations of these mutations (denoted with a slash) (Ser74Ala/Gly, Phe77Tyr, Leu136Trp, Lys173Thr/Asn, Ala178Ser, Ala231Ser, Ala238Ser, and Ser239Thr/Asn/His/ Arg) were incorporated into the libraries in Rounds 5 and 6 of directed evolution (Table 1) .
Design category 2: β-Strand perturbations
To fine-tune the positioning of the catalytic residues, we explored a remodeling of the conformation of the β-strands supporting these residues and the overall active-site configuration by systematically increasing and decreasing the size of the residues on the back side of the β-strands. The starting point for these computations was the double mutant Tyr48Phe_Phe77Tyr, suggested by the initial backrub calculations, which was ∼ 1.7-fold more active than the KE70 design (the Tyr48Phe mutation was also identified in the first round of directed evolution, and the adjacent Phe77 was changed to the more hydrophilic tyrosine, since the hydroxyl group is solvent exposed). The side chains adjacent to His17 and Tyr48 (which interact with the side chains from the surrounding α-helices) were either elongated or shortened to push the β-strand on which the side chain resides into the active site or to pull it into the protein core, respectively. All the tested second-shell mutations around Phe48 (Ile47-Val/Leu and Ile49Val/Leu) decreased the activity, indicating that the position of the aromatic side chain is likely to be optimal. In contrast, some of the mutations decreasing the side-chain size of residue 16 (Met16Ala/Val/Leu) or modifying the side-chain size of Leu18 (Leu18Val/Phe) were found to increase activity. Specifically, the mutations Met16Val and Leu18Phe increased the activity by ∼2.9-fold and 2.6-fold, respectively. Mutations of Met16 and Leu18 were therefore introduced into the libraries of Rounds 3 and 8 ( Table 1 , Library 1), and the mutation Phe77Tyr was included in Round 5 ( Table 1 ).
Design category 3: pK a modulation
To tune the pK a of the catalytic His17-Asp45 dyad, we mutated the adjacent positively charged residues to either neutral, polar, or negatively charged amino acids, and we mutated the adjacent hydrophobic/ polar residues to negatively charged amino acids. Mutations Lys14Glu, Arg70Leu, Leu136Asp, and Asn134Asp were tested; however, with the exception of mutation Lys14Glu, which increased the activity ∼ 1.4-fold, mutations that either removed a positive charge or introduced a negative charge in the vicinity of the catalytic dyad were found to slightly decrease the activity or had no effect.
Design category 4: Loop redesign
Changes in loop length (insertions or deletions) are often associated with the evolution of new enzymatic activities in nature. 22 We experimented with redesigning active-site loops to increase the catalytic efficiency of KE70.
(a) Single amino acid insertions in four different loops were examined: loops formed by residues 20-27 (insertion of Gly/Ser after Thr20 and after Table 2) 3 --Shuffling of the 15 best variants from Round 2, with incorporation of designed mutations: Library 1 (design categories 1a + 2)-Met16Ile/Leu/Val/Phe, Leu18Ile/ Leu/Val/Phe, Trp72Ser/Cys/His/Leu, Gly101Glu/Gln/Ala/Ser, Ser138Ala, His166Tyr/Asp/Asn/Ala/Ser; Library 2 (design category 4a)-insertions after the residues Thr20 (Gly/Ser), Asn22 (Gly/Ser), Thr171 (Asn/Ala/Pro/Gly/Ser), Val204 (Ala/Pro/Gly/Ser), and Ser239 (Asn/Ala/ Pro/Gly/Ser) ≤3-fold relative to R2 7/12F; best variants are R3 2/6D (Library 1) and R3 9/3B (Library 2) 4 -Shuffling of the 18 best variants from Round 3, both from Libraries 1 and 2 -≤3-fold relative to R3 9/3B; best variants are R4 4/1B and R4 4/5B (see Table 2 )
5 --Shuffling of the 12 best variants from Round 4, with incorporation of designed mutations: design category 1b-Ser74Ala/ Gly, Phe77Tyr, Leu136Trp, Ala178Ser, Lys173Asn/Thr, Ala231Ser, Ala238Ser, Ser239Thr/Asn/His/Arg; design category 4a-Ala21Asn/Gln/Arg, Asn22Gln/Arg ≤3-fold relative to R4 4/1B; best variant is R5 7/4A (see Table 2) 6 -Shuffling of the 10 best variants from Round 5 -≤1.2-fold relative to R5 7/4A; best variants are R6 6/10A and R6 4/8B (see Table 2 a The activity improvement measured in crude lysates is not corrected for protein expression and is therefore only a preliminary measure for an increase in protein activity.
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In-Silico-Designed Kemp Eliminase KE70 a The reported parameters are the average of at least three independent measurements, and error ranges reflect the differences between repeated determinations. b The numbering of the residues in this article is n + 1 relative to the numbering in the publication describing the original KE70 design 6 due to insertion of Ala after the initial Met to accommodate a restriction site for cloning the KE70 libraries. Inserted loop residues are numbered as the residues after which they were inserted with the suffix "a."
c The deviation (≤1.6-fold) from the catalytic parameters previously reported for the KE70 design (k cat = 0.16 ± 0.05 s
6 may stem from the differences in protein production, purification, and assay temperature in assays performed in different laboratories and at different times. Asn22); loops formed by residues 168-180 (insertion of Asn/Ala/Pro/Gly/Ser after Thr171); loops formed by residues 202-210 (insertion of Ala/Pro/ Gly/Ser after Val204); and loops formed by residues 238-241 (insertion of Asn/Ala/Pro/Gly/Ser after Ser239). These positions and the inserted amino acids were chosen with the aim of increasing the flexibility of the loop, so that either the newly introduced amino acid or a polar residue within the existing loop sequence could interact with the nitro group of the substrate. These insertions were incorporated into Library 2 of Round 3 of directed evolution (Table 1 ). In addition, mutations Ala21Asn/Gln/Arg and Asn22Gln/Arg were incorporated into the libraries of Rounds 5 and 6 of directed evolution (Table 1) to form additional potential interactions with the substrate's nitro group.
(b) A recently developed loop design protocol, 23 which computationally introduced a predefined hydrogen-bond interaction to the nitro group of the substrate, was also applied. The length of the loop from residue Phe236 through Leu242 (seven amino acids with the sequence FGASSLL) was varied between five and eight amino acids while maintaining a hydrogen-bond interaction between either a Ser or an Asn and the nitro group of the substrate. Designs for each loop length were experimentally tested (Supplementary Table 3) , and only the longest loop with the sequence FGMSAGAL was found to increase the activity. It increased the activity ∼3.5-fold compared to the Tyr48Phe_Phe77Tyr mutant, and combining it with the β-strand mutation Met16Val increased the activity ∼ 9-fold. The FGMSAGAL loop was subsequently incorporated at Round 8 of directed evolution (Table 1) .
Directed evolution of KE70 Table 1 summarizes the results of nine rounds of directed evolution starting from the designed KE70. The first two rounds employed random mutagenesis and improved the activity of KE70 by ∼ 10-fold. Several first-shell residues were mutated; in particular, the designed stacking residue Tyr48 was changed into Phe, and Ala204 was changed into Val (Table 2 , Fig. 2a ). These changes indicated that the KE70 design could be optimized by changes in the first-shell residues, which was not the case in the directed evolution of the KE07 design, where mutations in the second and third shells dominated, and only a single designed residue was mutated. The subsequent directed evolution rounds therefore included not only random mutagenesis but also designed mutations identified as described in Computational optimization of the KE70 design. In Round 3, two areas of the protein were optimized (Table 1) . Library 1 included mutations in β-strands at the bottom of the active site (design categories 1a and 2; Fig. 2b ). Library 2 included insertions in the loops at the top of the active site (design category 4a; Fig. 2c ). The designed mutations were spiked in a combinatorial manner by the ISOR method, 20 so that each library variant contained, on average, two mutations out of the complete set of 22 mutations at six different positions for Library 1, and 18 insertions at five different positions for Library 2. Given the limited screening capacity (800-1600 variants per round), we aimed at libraries that carry only few designed mutations per gene. Therefore, designed mutations that could be readily introduced by random point mutations (e.g., Ala19Thr and Lys14-Glu) were not incorporated by synthetic oligonucleotides. In Round 4, the improved variants from Libraries 1 and 2 were shuffled to combine the mutations in the loops and β-strands. In Rounds 5 and 6, further design optimizations were explored based on design categories 1b and 4a (Table 1 , Fig. 2d ).
Following another round of random mutagenesis (Round 7), the improved variants were shuffled again (Round 8). In parallel, in Round 8, additional mutations, based on design optimizations around the catalytic His17 and around insertions in the active-site loops, were explored by the ISOR method (design categories 2 and 4b; Fig. 2d , Table 1 ). However, only mild improvements in catalytic activity were obtained in Rounds 7 and 8. Round 9 of directed evolution, in which random mutagenesis was applied on the variants from Round 8, also failed to yield any additional improvement ( Table  1 ). The improvement in the catalysis rate of KE70 therefore appeared to have reached a plateau.
Selected mutations and activity improvements
Only a subset of the designed mutations found individually to increase activity was incorporated into the final KE70 variants with the highest activities ( Table 2 ). This suggests that an accurate calculation of the coupling between multiple simultaneous changes in the active site is challenging for current computational methods, and our combinatorial incorporation strategy is a pragmatic solution to this yet unsolved problem. On the assumption that there was no bias in the incorporation method (as indicated by the sequencing of the unselected libraries), the mutations that were not found in the selected KE70 variants were probably not beneficial or even deleterious in the context other mutations that accumulated in the evolved variants. For example, mutations of the residues adjacent to the catalytic His17 (Met16 and Leu18, design category 2) were not incorporated, although they were beneficial on their own and were introduced twice in the directed evolution process (in Rounds 3 and 8) . In contrast, all the designed modifications of the β-strands at the bottom of the active site that increased catalytic activity (Trp72Cys, Gly101Ser, Ser138Ala, and His166Asn) were ultimately incorporated. Insertions in the loops at the top of the active site were readily incorporated (Table 2 , variants R4 4/1B and R4 4/5B); however, after further rounds of optimization, only two insertions were fixated (Ser20a and Ala239a). Further design optimizations (design categories 1b and 4b) resulted in only small improvements in the catalytic activity, with the key mutations being Ser74Gly, Ala178Ser, Ala231Ser, and Ala238Met (Table 2, Fig. 2d) .
The random mutations in the evolved KE70 variants occurred mostly in the active site (Table 2 , Fig. 2a) . Several of the designed residues and residues adjacent to the designed residues were mutated (Tyr48Phe, Thr43Asn, and Thr75Ala). Mutations in the loops adjacent to the active site, such as Asp23Gly, Val176Glu, Lys197Asn, and Thr198Ile, were as well associated with improvements in catalysis.
After six rounds of directed evolution, the catalytic proficiency of KE70 improved over 400-fold ( Table 2 ). The turnover number (k cat ) increased N35-fold from 0.14 s − 1 to N 5 s − 1 , and K m decreased N10-fold from ∼ 1 mM to b0.1 mM. The evolved variants carried 10-14 mutations, of which approximately half came from design optimizations and half came from random mutagenesis (Table 2) . Overall, the evolved variants differed from the natural enzyme that was used as template (PDB accession code 1JCL) by ≥ 19 positions. The catalytic machinery remained the same during the optimization process: mutating the catalytic His17 in the evolved variants from Rounds 4 and 6 decreased the activity N1000-fold, and mutating Asp45 caused an ∼ 5-fold decrease in activity (Supplementary Table 4 ).
Structural analysis of KE70 variants
Structures of the KE70 design and of six evolved mutants (R2 2/7E, R2 3/7G, R2 7/12F, R4 8/5A, R5 7/4A, and R6 6/10A) were solved at resolutions of 1.4-2.25 Å. These structures provide insights into the mechanism and evolution of KE70. However, despite extensive efforts, we could not obtain meaningful structures of KE70 variants with substrate or TS analogues. Benzimidazole ligands did not exhibit any inhibition. The product of the reaction (5-nitro-2-cyanophenol) was used for cocrystallization and soaking experiments, but no electron density corresponding to it was observed. Benzotriazoles did inhibit some of the evolved variants (with K i values in the range of 0.05-60 μM), and a structure of the KE70 variant R6 6/10A with 5-nitrobenzotriazole (K i = 0.43 ± 0.05 μM) was obtained at a resolution of 2.2 Å. The ligand was found to be located in the active site and is aligned against the stacking Phe48. The key activesite residues, such as the catalytic His17-Asp45 dyad and the stacking Phe48, did not change their conformations ( Supplementary Fig. 2a) , nor did other active-site residues, with the exception of Ser101, which binds the nitro group of the benzotriazole (Supplementary Fig. 2b ). The nitro group of the ligand, however, points towards His17, whereas the triazole nitrogens face the top of the active site ( Supplementary Fig. 2a ). Since both His17 and benzotriazole are protonated at the pH of crystallization (pH 4), this binding mode is somewhat expected and catalytically irrelevant. However, attempts to crystallize this complex at pH N 8, namely with His17 in the catalytic deprotonated form, gave only poorly diffracting crystals.
The structure of the KE70 variant R4 8/5A contained additional electron density in the active site, which was modeled as benzamidine (Supplementary Fig. 3a and b) . However, benzamidine showed no inhibition of eliminase activity (≤ 5 mM benzamidine), and no binding was observed in isothermal calorimetry measurements (≤ 10 mM). No inhibition of eliminase activity was observed also with molecules similar to benzamidine, such as benzoic acid, nitrobenzene, and benzamide. In any case, as is the case with 5-nitrobenzotriazole, the presence of this unknown ligand did not cause any significant conformational changes in the active site ( Supplementary Fig. 3c ).
Two structures of the original KE70 design were obtained: one with a resolution of 2.25 Å, and the other with a resolution of 1.4 Å. Both structures of KE70 design are similar overall to the computed model (Supplementary Table 5 and Supplementary  Fig. 4 ). However, in the structure of the KE70 design with 1.4 Å resolution, there was a shift of one β-strand and a helix adjacent to it (residues 229-238) in one of the monomers of the asymmetric unit (monomer A). The side chains of the residues on the shifted β-strand that point into the active-site tunnel in the designed model were relocated into the protein core in monomer A, and vice versa. In particular, the side chain of Phe235 in the KE70 design structure points into the active site and may thus interfere with substrate binding ( Fig. 3a ; Supplementary Fig. 5 ). In the KE70 design structure with 2.25 Å resolution, both monomers had a shifted β-strand. Interestingly, in the structures of the evolved variants, all the β-strand residues align perfectly with those in the KE70 model, and the side chain of Phe235 points into the protein core as in the computed model (Fig. 3b) . Since the original design is active, the conformation observed in its crystal structure could be an artifact of crystallization, even though the shifted β-strand is not on the protein surface. In any event, mutations incorporated in the early rounds of directed evolution seem to have eliminated the shifted and presumably nonactive conformation.
The largest deviations between the various structures are in the loops at the top of the barrel. This structural flexibility may explain why many insertions in the loops were tolerated. One of the loops (residues 21-27) is disordered, and electron density is observed only in one of the structures (variant R2 7/12F). Some loop movements appear to cause shifts in the positions of certain helices, but the β-strands overlap in all structures (with the exception of the strand noted in Fig. 3 ). The position of the catalytic His17-Asp45 dyad is essentially the same in all structures, and the distances between His17 and Asp45 (3-4 Å) vary by less than 1 Å. However, as indicated by the molecular dynamics (MD) simulations discussed below, these subtle changes may relate to the improved rates. Although the catalytic dyad remained largely unchanged, the shape of the active-site cavity changed significantly. Indeed, the active-site tunnel of variant R6 6/10A, bearing two insertions in the loops and a modified combination of amino acids at the bottom of the active site, is much deeper than in the original design. This is primarily caused by the mutation of Trp72 into the much smaller cysteine, which opened the central tunnel all the way to the other side of the protein (Fig. 4) . As a result of the designed modifications at the bottom of the active site, the substrate is more tightly and firmly packed in the evolved variants, as indicated by the lower K m values and by the MD simulations discussed below.
Although the designed changes related to the catalytic dyad were not incorporated (design categories 2 and 3), there are significant changes in the residues around the His17-Asp45 dyad and in the associated hydrogen-bond networks. In the design model, Arg69 points away from the catalytic dyad, and the distance between Arg69 and Asp45 is 7.1 Å (Fig. 5a ). However, in the crystal structure of the KE70 design, Arg69 points towards the catalytic dyad, and the Arg69-Asp45 distance (2.8-3.1 Å) corresponds to a salt bridge (Fig. 5b) . The Arg69-His17 distance was also reduced from 10.5 Å in the KE70 model to 3.1-4.0 Å in the crystal structure. The proximity of Arg69 may lower the basicity of the dyad and, therefore, the catalytic potential of both Asp45 and His17. In the Round 2 variants, Arg69 and Asp45 are still within salt-bridge formation, but Arg69 is detached from the catalytic His17 (N 5.9 Å). Interestingly, in the Round 2 7/12F variant, Arg69 adopts different conformations in the two monomers of the asymmetric unit. One conformer is similar to the computed model, and the other is similar to the crystal structure of the designed KE70 (Fig. 5c) . In the Round 6 variant 6/10A, the mutation Gly101Ser caused Arg69 to move away from the catalytic dyad, and the distance between Arg69 and Asp45 increased to 6.2 Å, probably rendering the His17-Asp45 dyad more basic and therefore more active (Fig. 5d) .
pH-rate profiles of KE70 variants
The environment of the catalytic dyad was also probed by determining the pH-rate profiles of KE70 design and its evolved variants. The pH-rate profile of the KE70 design is bell shape like, although the rates deviate from a simple bellshaped fit at pH N 7.5 (Fig. 6) . The basic pK a (k cat ) of KE70 design is 6.3, and the basic pK a (k cat /K m ) is much lower at 5.3 (Fig. 6, Table 2 ). The decrease in activity at higher pH suggests that, in addition to His17, which is active in the basic form, there is another residue(s) with an acidic pK a in the range of 6-7 [pK a (k cat )~6.6; pK a (k cat / K m )~7.4] whose deprotonation reduces the activity of the KE70 design. The origins of the decrease at higher pH are unclear, since both catalytic residues His17 and Asp45 are supposed to be active in their deprotonated forms, but may be related to the strand register shift observed in the crystal structure of the original design (Fig.  3a) . This is consistent with the absence of the acid shoulder in the pH-rate profiles of the evolved variants, in which the strand is correctly placed (Fig. 3b) . The pH-rate profiles of the evolved variants R2 7/12F, R4 8/5A, and R6 6/10A In-Silico-Designed Kemp Eliminase KE70 exhibit only one basic shoulder and could therefore be compared (Fig. 6 ). Consistently with their higher activities, the pK a (k cat ) values of the evolved KE70 variants, indicating the pK a of the enzyme-substrate complexes, increased with the progress of directed evolution from 5.5 to 6.2 (Fig.  6, Table 2 ). In contrast, the pK a (k cat /K m ) values of the evolved KE70 variants, indicating the pK a of the free enzyme, are similar and range between 5.9 and 6.2. The elevated pK a (k cat /K m ) of variant R2 7/12F (6.2) is primarily due to a significant increase in K m values with a decrease in pH below 6.5. This pattern suggests that changes in the environment of the catalytic dyad are primarily manifested at the level of the enzymesubstrate complex (changes in pK a (k cat ) values) rather than at the level of the free enzyme (pK a (k cat /K m ) values). . The substrate (magenta) was overlaid from the designed model. The active-site cavity of variant R6 6/10A is deeper than that of the original KE70 design, primarily due to the mutation Trp72Cys at the bottom of the active site. The central tunnel is also opened all the way to the other side of the protein. In addition, the entrance to the active site is narrower in the evolved variant, primarily due to mutation Ala204Val.
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The increase in the pK a (k cat ) values of the catalytic His17 during evolution (∼ 0.7 pKa units) is consistent with changes in the hydrogen bonding of adjacent residues, in particular with the repositioning of Arg69 (Fig. 5) . These changes partly account for the increase in the k cat value of the evolved KE70 variants (N30-fold). However, as the catalytic efficiency (k cat /K m ) has increased much more (N400-fold), other factors, such as optimization of substrate binding in the active site and modification of the active-site loops, also contributed to the increase in catalytic power.
MD simulations
MD simulations were performed on the structures of the KE70 design and its evolved variants. We utilized a protocol that had been previously established for the evaluation of general acid-base biocatalysts. 24 Polar contacts, distances between the residues of the catalytic dyad, distances between the catalytic residues and the corresponding atoms in the TS, root-mean-square deviations (RMSDs), and atomic fluctuations (equivalent to B-factors) of the active-site residues were monitored. For the purposes of MD simulations, the active site of each structure was defined to consist of the residues His17, Ala19, Asp45, Tyr/Phe48, Trp/Cys72, Ala103, Ser/Ala138, Ile140, Val168, Ser170, and Ile202.
The MD-derived backbone RMSDs decreased as KE70 was evolved (Fig. 7a) . Compared to the original KE70 design, the average atomic fluctuations of the active site and also their spread (as denoted by standard deviation bars) appear lower in all the variants beyond the second round of directed evolution (Fig. 7b) . This trend implies that key active-site residues (His17, Ala19, and Asp45) that, in the original design, were more flexible than other active-site residues rigidified as the design evolved ( Supplementary Fig. 6 and Supplementary Table 7) . RMSD values quantify the degree to which the simulated structures deviate from a given reference (here the crystal structure), while the atomic fluctuations quantify the degree of flexibility (i.e., the variability between the runs of the same variant). As such, Fig. 7a and b and Supplementary  Fig. 6 translate into the observation that each round of evolution rigidified the active site, giving rise to an increased level of preorganization. Figure 7c and d plot (Δr) 2 versus − ln(k cat ) and − ln (k cat /k m ). Δr denotes the deviation of the measured His17-Asp45 distance (His-N ɛH -O δ -Asp) from the ideal catalytic hydrogen-bond distance (1.8 Å). 24 On the assumption of a simple harmonic model, the energetic cost of deviation from ideality is proportional to (Δr) 2 , and on the assumption of a simple TS model, ln(k cat ) is proportional to the activation free energy. The linear relationship between (Δr) 2 and ln (k cat ) and ln(k cat /k m ) suggests that the increased k cat of evolved variants results, in part, from the tightening of the hydrogen bond between the catalytic dyad members as the active-site residues of the KE70 variants become more optimally placed and less mobile.
The distance between the catalytic base (His17) and the substrate proton that it abstracts remained unchanged during the process of KE70 optimization in the range of 2.6-2.7 Å (Supplementary Table 6 ). This suggests that the distance between His17 and the subtracted proton in the KE70 design need not be further optimized.
Discussion
Our previous report described the optimization of the computationally designed Kemp eliminase KE07 by directed evolution. 16 There are several significant differences between the KE70 design and the KE07 design. Unlike the carboxylate catalytic base in the KE07 design and in other KE designs, in KE70, proton abstraction is mediated by a His-Asp dyad. The catalytic dyad feature is very abundant in enzymes, as it allows efficient positioning and activation of the His by the aspartic or glutamic acid residue. 25 However, the catalytic dyad is also computationally challenging, as both His and Asp residues, and the interaction between them have to be optimized. In addition, the pK a of histidine and its tautomeric state have to be regulated. The KE07 and KE70 designs also varied in their response to optimization by directed evolution. The KE07 design represented a deep energetic minimum. The design features and designed residues remained Table 2. essentially unchanged and only underwent finetuning. Only one of the designed residues was mutated, and even this residue is a second-shell residue that does not directly interact with the substrate. The KE70 design turned out to be both more "evolvable" and redesignable. Several designed residues were spontaneously altered in the first rounds of directed evolution, including the substrate stacking residue (mutation Tyr48Phe). This change suggested that the designed active site could be computationally optimized, as proved to be the case.
Despite the significant changes in the optimized KE70 design, the catalytic dyad His17-Asp45 remained unmodified. Similarly, in the divergent evolution of families and superfamilies of enzymes, the basic mechanistic features and key active-site residues remain unchanged, while the other parts of the active site are modified to fit specific substrates and reactions. 22 These results also highlight the strengths and weaknesses of the current computational enzyme design methodology-the general outlines of the active site can be created in broad strokes, but the fine-tuning of active-site electrostatics is very difficult to achieve only by computation.
Unlike the case of KE07, optimization of KE70 involved extensive computational design optimizations, rationally designed mutations, and directed evolution that combined the designed mutations with the random ones. In the case of KE07, it was shown that directed evolution, which requires no previous knowledge of structure-function, could be successfully applied to improve computationally designed enzymes and can therefore bridge some of the gaps created by our limited design skills. 16 However, the bottleneck of directed evolution is the very limited sequence space that can be explored by error-prone mutagenesis (single-nucleotide changes, with strong biases against certain mutations) and by medium-throughput screening. The screening throughput in 96-well plates using the colorimetric 5-nitrobenzisoxazole substrate is relatively low, as only ∼ 1000 variants were screened per round. Structure-based computational design was therefore used not only to produce the starting point enzyme but also to optimize it. Various combinations of mutations identified by the Rosetta algorithm were introduced into the evolved KE70 variants in a combinatorial manner. The incorporation of backbone flexibility yielded improved solutions compared to the original fixed backbone design, but only in a subset of cases-varying the backbone has associated perils (the protein may not fold or the backbone shift may not be brought about by sequence changes). To minimize the incorporation of mutations that are not beneficial or even deleterious, we first experimentally validated the designed mutations. Those proven advantageous or neutral were then incorporated into the evolved KE70 variants in a combinatorial manner. 20 This strategy allowed sampling of the various combinations of mutations while maintaining library sizes that are compatible with the screening capacity. Notably, many of the designed mutations involved changes in more than one nucleotide within the same codon (e.g., Ala21Asn/Gln/Arg, Ala238Met, and Ser239His), which are very unlikely to occur upon random mutagenesis. Likewise, insertions are not a likely outcome of error-prone mutagenesis.
While several of the computationally designed mutations have been incorporated into the evolving KE70 variants, it remains unclear which design strategy may yield the best designs. The procedures applied here followed a 'trail-and-error' approach, rather than a systematic exploration of various approaches. Nonetheless, the approach of including computationally designed mutations in a 'spiking' manner enabled us to explore a relatively large number of possibilities and to 'hedge the bets' by including mutations that may actually reduce rather than increase activity.
Changes in the designed residues of KE70, complemented by random mutations introduced by directed evolution, led to N 400-fold improvement of KE70's catalytic efficiency. Substrate binding (up to a 12-fold decrease in K m ), as well as the turnover number (up to a 53-fold increase in k cat ), were improved. The improvement in the catalytic activity of the KE70 variants has three main origins:
1. Modification of the active-site electrostatics.
While the His17-Asp45 dyad remained unchanged, the electrostatics surrounding it were modified; in particular, the unfavorable bonds between Arg69 and the catalytic dyad (especially Asp45), which likely quenches the dyad's basicity, were broken (Fig. 5) . Modification of the electrostatic environment was also a key feature in the optimization of the KE07 design, where an unfavorable bond between the catalytic base (Glu101) and Lys222 was broken, thus leading to higher basicity and activity of the catalytic base. 16 While electrostatic effects play a crucial role in the catalysis of Kemp elimination (and perhaps of most other reactions), 27 they are not well modeled by the computational design methodology. The different rotamers adopted by Arg69 (Fig. 5c ) exemplify the difficulty in modeling the charged residues at protein surface. The different rotamers seem to be very close in energy, as indicated by their coexistence in the two molecules within the same asymmetric unit (Fig. 5c) . A similar situation was observed in the analysis of the KE07 design and its evolved variants. 16 Improvements in the computation of electrostatic interactions, which enable prediction of the energetics of hydrogen-bond networks, would clearly contribute to the improvement of computational design methodology. 2. Reshaping the active-site cavity. The activesite cavity of the designed KE70 was completely reshaped, resulting in a deeper pocket with a narrower entrance (Fig. 4) . This led to improved substrate binding (indicated by lower K m values). 3. Mobility of the active-site residues. MD simulations suggest that the optimization of KE70 design led to increased preorganization of the catalytic dyad and restricted mobility of most active-site residues, particularly of residues His17 and Asp45, in a way that could enhance the catalytic activity. The simulations further suggest that the increased k cat and k cat / K m values of the evolved variants correlate with the formation of a more favorable geometry in the catalytic His-Asp dyad as a shorter hydrogen bond between these residues is achieved. This is in line with the primal requirement (emphasized early on by Jencks 28 ) that the catalytic residues and the substrate need to be precisely and tightly positioned to optimize the interactions essential for catalysis. 29 In summary, computational and evolutionary optimization methods were combined to yield improved Kemp eliminases. Computational algorithms can both generate the initial designs, which can then serve as starting points for directed evolution, and assist in the optimization of these designs by identifying beneficial amino acid substitutions for testing. 30 Further improvements in the computational methods may include better modeling of the electrostatic networks between charged residues, including additional parameters in the calculations (e.g., pK a of the catalytic base), and MD simulations of the top-ranked designs to assess the relevant parameters such as bond lengths and residue fluctuations. Future work will be aimed at generating catalysts designed and optimized de novo not only for model reactions with activated substrates such as 5-nitrobenzisoxazole but also for more challenging reactions of the type catalyzed by natural enzymes.
Materials and Methods
Cloning
The synthetic gene encoding the designed KE70 protein was purchased from Codon Devices, Inc., and the gene was cloned into the His-tag expression vector pET29b (Novagen) using NdeI and XhoI restriction sites. In the libraries, the NdeI site was replaced by NcoI, which involved the addition of an alanine residue at the Nterminus, just after the initial methionine.
Backrub protocol
TS placement was carried out as previously described 21 on the rigid backbone scaffold (PDB accession code 1JCL) using the RosettaMatch algorithm. In addition to the previously described theozymes used, theozymes lacking a hydrogen-bonding group in the phenoxide oxygen (Ser, Tyr, or Lys in previous theozymes) were allowed.
For each of the matches, gradient-based minimization was used to optimize the catalytic geometrical constraints. Residues surrounding the TS were then redesigned to maximize the stability of the active-site conformation. Five hundred of the lowest-scoring designed variants were then subjected to a backrub simulation, as previously described, 19 to generate five variants for each starting design. In general, the level of observed divergence of the loop regions was small (Supplementary Table 1 ), but the resulting subtle changes in C α -C β bond vectors changed the allowed spectrum of designed residues. Each of the backrub variants was then redesigned as before, using both the standard Rosetta van der Waals function and a soft van der Waals function, for a total of 10 redesigns per starting model. All models (flexible and fixed backboned) were subjected to both energetic and geometric filters (cavities, exposed surface area, and number of hydrogen bonds). The mutations of the eight variants that were finally selected for expression are listed in Supplementary  Table 2 .
Library making and screening
Several mutagenesis methods were used to create genetic diversity in KE70 genes. Error-prone PCR with mutazyme (Genemorph PCR mutagenesis kit; Stratagene) was used for random mutagenesis; at certain rounds (Table 1) , the genes were shuffled as previously described. 16 Selected positions were mutated by incorporation of spiking oligonucleotides during the assembly PCR, as described previously. 20 After mutagenesis and/or shuffling, the KE70 genes were recloned into the original pET29b plasmid, and the ligated DNA was transformed into E. coli DH5α cells. Typically, 10 4 -10 5 transformants were obtained, and the plasmids encoding the libraries were extracted. It should be noted that random mutagenesis and gene shuffling are not exclusive (i.e., during random mutagenesis, the genes are shuffled, and the shuffling procedure incorporated a certain level of random mutations created by polymerase errors; ∼ 1 mutation per gene, on average). The libraries were screened with 5-nitrobenzisoxazole, as previously described. 16 
Enzymatic characterization
Variants subjected to detailed analysis were produced and purified as described previously. 16 The enzymes were stored at 4°C in storage buffer [25 mM Hepes (pH 7.25) with 100 mM NaCl, 5% glycerol, and 0.02% sodium azide]. For kinetic characterization, the reactions were started by adding 150 μl of substrate [final concentration: 0.13-1.05 mM or 0.065-0.525 mM in 25 mM Hepes (pH 7.25) with 100 mM NaCl] to 50 μl of enzyme in storage buffer (various concentrations were used for different variants). 5-Nitrobenzisoxazole was used from a 0.1 M stock in acetonitrile. The cosolvent percentage was 1.5%, and the glycerol percentage was 1.25% in all reaction mixtures. Storage buffer without protein was used for the background reaction. Product formation was monitored spectrophotometrically at 380 nm (Power HT microtiter scanning spectrophotometer) in 200-μl reaction volumes using 96-well plates. The reported results are the average of at least three independent measurements, and the error ranges between the repeated experiments were b20%.
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In-Silico-Designed Kemp Eliminase KE70 pH-rate profiles k cat and K m values were determined with 5-nitrobenzisoxazole at pH 4.5-8.0 for the KE70 variants Round 2 7/ 12F, Round 4 8/5A, and Round 6 6/10A, and at pH 5.0-8.0 for the KE70 design. Initial velocities (v 0 ) were determined at eight different substrate concentrations (0.13-1.05 mM). The buffers used (at 50 mM) were as follows: citrate (pH 5.0-5.5), 4-morpholineethanesulfonic acid (pH 5.5-6.5), and 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol (Bistris) propane (pH 6.5-8.0) at 50 mM. At pH 5.5 and pH 6.5, the activity was measured with both relevant buffers to eliminate the buffer effects. Measurements at pH N8 were precluded due to substrate decomposition and the low activity of the KE70 design. The ionic strength was adjusted to a total of 0.1 M with NaCl. The enzyme stocks were kept in 10 mM Hepes (pH 7.25) containing 100 mM NaCl and 5% glycerol.
